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SIMPLE CURVES lR2RDETERMINING THE EF.FECTS . “

-“OF COMPRE$SI31LITY ON PRESSURE DROP THROUGH RADIATORS# ,. ,..

By John V: Beck”er“andD~nald D, -ala “ :

SUMMARY

Simple curves are presented by which the basic
pressure-drop characteristics of unheated tubular
radiators can be corrected to operating conditions in
which the radiator is heated and in which the Mach number
of the tube flow is of appreciable magnitude. The only
data required for the use of the curves are the radiator
dimensions, the rate of heat input, the pressure and
temperature ahead of the radiator, and the rate of mass
flow of air through the radiator.

The accuracy of the curves for predicting the
compressibility effects for unheated radiators is
confirmed by comparison with test data obtained from two
independent sources. An example of the use of the curves
for a typical oil-cooler installetlan”.isgiven.

The pressure-drop

INTRODUCTION

coefficient for a cold tubular
radiator,-as usually determined from tests with low
airspeed In the tubes, Is known to be subject to -
correction if the radiator Is operated under conditions
In which an appreciable density decrease occurs as the
air passes along the tube. This decrease In density may
be caused by the increase in absolute temperature due to
the addition of heat, by .t4ereductloq in absolute static
p:rmre due to the pressyre drop within the tube, or by

The density decrease due to the addition of heat
1s i&ortant under all operating conditions, but the
density decrease due to the static-pressure reduction
becomes Important only when the pressure drop is appreci-
able In comparison with the absolute static pressure -
th&t is, when the Mach number of’the tube flow becomes

.
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of appreciable magnitude (reference

“ NACA ACR No. 4123

1). In hl@-s~eed
airplanes, neglec~ of the-Mach number-effect w~ll ;esult
h sizable underestimation of the pressure drop required
to induce the necessary cooling-air flow.

A number of Investigators have demonstrated that
compressibility has no.appreciable effect on the heat-
transfer coefficient. The temperature difference on
which the heat-trAnsfer calculations at high Mach numbers
must be based, however, is the difference between the
wall temperature and the stagnation temperature of the
cooling air rather than the true temperature of the
cooling air. ( See reference 2.) Test data on the heat-
transfer characteristics obtained at any test Mach number
may thus be used to detemnlne the mass flow required for
cooling for the design condition. In the present report
the mass flow 1s assumed to have been so determined . -
and the report Is concerned only with the determination
of the pressure drop necessary to induce the required
mass flow.

The purpose of the present paper Is to present
curves from which the basic pressure-drop characteristics
of cold radiators can be corrected to operating conditions
In which the radiator is heated and the Mach number”of
the tube flow is of appreciable magnitude. The only
requirement for the use of the curves is knowledge of
the radiator dimensions, the rate at which heat is to be
dissipated, the pressure and temperature ahead of the
radiator, and the rate of mass flow of air through the
radiator. The curves are constructed for a Mach number
range from zero to the maximum attainable Mach number
corresponding to existence of sonic velocity at the
exits of the tubes.

A knowledge of the theory by which the curves are
derived Is not essential to their use. Fbr the sake of
completeness, however, this theory is briefly reviewed
herein. For the convenience of the reader, the report
Is presented under three main headings. The theory is
found in the section entitled ‘~Analysls.” The validity
of’the theory and the accuracy of the curves is confirmed
by comparison with experimental data obtained from
references 3 and /+In the seption entitled “Comparison
of’Theoretical Results with Experimental Data.” The use
of the curves is illustrated by a typical example in the
section entitled “Example of Use of Curves.n
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SYMKILS .
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A

a

Cf

CDf

Cp

Df

d

6

H

h

Ah

L

M

m

‘cr

P

AP

q

.. --.,. , .— .,,-. -., - . . . . .

cross-sectional area of duct or radiator tube,
square feet

velocity of’sound In air, feet per second

skin-friction coefficient
(Df/qr29

mean skin-friction drag coefficient of radiator
tube (/Df qr2Ar2)

specific heat at constant pressure
O.~ Btu/lbPF)

(for air, -.

drag force due to skin friction in a radiator
tube

radiator-tube diameter, feet

acceleration of gravity, feet per second per
second

heat added in radiator, Btu per second

total pressure, pounds per square foot

total-pressure loss, pounds per square foot

radiator-tube length, feet

Mach number (v/a)

mass-flow rate, slugs per second

mass-flow rate at whi h sonic velocity Is attained

at tube entrance
[)
Lo-=
d

static pressure, pounds per square foot

static-pressure decrease, pounds per square foot

dynamic pressure, pounds per square foot ( v++P
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R ( )fx@ orAReynolds n- ~
Ar2P

s area of inside surface of’radiator
feet

ACR NO. 423

tube, square

T air temperature, ‘1’ absolute

AT air temperature rise, ‘F

v velocity In radiator tube or in duct, feet per
second

P density, slugs per cubic foot
.
Fc compressibility factor

(
l+k+&+M6

4 )
—.. .

40 1600

P viscosity of air, pound-seconds per square foot

Subscripts (see fig. 1):

2 station in duct ahead of radiator

3 station in duct behind radiator

f friction component

1 low speed, incompressible-flow condition

r2 within radiator at tube entrances

‘3 within radiator at tube exits

ANALYSIS

Derivation of Equation Relathg Pressure Drops for

Compressible and Incompressible Flow

For the purpose of the present analysis the pressure
drop across the radiator Is taken as the difference
between the total pressure at a station just ahead of
the front face of the radiator and the static pressure
at the tube exits. A dia.wam of’the flow system across
the radiator
nations used
The pressure

is shown in ?_Igure1. The sta~lon desig-
In this figure were taken from reference 1.
drop across the radiator for this system is

. .



7
.

HACA ACR NO ● 4125

defined by the equation
-. . . . . .

= “-E2Ap -
.:pr5. . . . . . --- , ---

It will be shown subsequently herein that the results of
the analysis can be applied to other definitions of the
pressure drop, such as p2 - ps, p2 - pr3, or h2 - h3.

The pressure drop oan be conveniently divided Into
two compons:lis: ths pressure drop due to acceleration
of’the air into the tube entz%nce and the pressure drop
within the tube ~ua to friction and momentum change.
From equation 13 of reference 1,
the sum of these two components:

Ap may be expressed as

( )]%Z ~
—-
Pr5

(1)

This equation can be evaluated with the aid of data given
in references 1 and 5, but the nrocess is not slmplej The
problem can be simplified by assuming that the pressure
drop for cold Incompressible-flow conditions, herein
designated Api, is known from basic test data for the
radiator. The value of Ap for operating conditions
can then be obtained if the ratio AP/APi is evaluated.
From equation (l), for the incompressible unheated

(

Pr2
condition Fca L, —

)
= 1.0 , the calculated value of

‘r3
Api is simply

()

Dfi
ADi = qr2 + ‘r2 = (2)

More specifically, since q~2 =
nlz

()
&~

in incom-

Df~
pressible flow and if ~ is replaced by C~i,

.r2 r2

(2a)
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An approximate application of’equation (2a) that Is
in general use for estimating radiator pressure drops for
conditions other than the test condition is.

Pa
AP =

test
‘Pteat pa

The “test” pressure drop Is measured with the mass flow m
required for the design heat dissipation. This formula
obviously neglects both Reynolds fuunbereffects (changes
in CDfl) and compressibility effects, both of which are

too large to be neglected in many present-day applications.

It Is convenient at this point to list the equations
for evalu~tlng APT for all usable definitions of the
radiator pressure drop. From

p.._#i’),
equation (2) or (2a),

= 1 + CDfi (2b)

()*Z 2
Similarly, since p2 = h2 - q2 and q~ = qr2 ~ ,

(!%?-)l=1+c%-c&y (2C)

()P2 - P3
In order to evaluate

qr2 ~
an assumption must be

madb as to the loc~tidn bf statiofi3. It is assumed that
this station is far enough behind the radiator for the
velocity distribution across the duct to be uniform. Then,
from equatim 12 of reference 1.,for incommessible flow,
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The solution for incompressible flow,

h2 - h5 =P2-~zj+q2-%j

1s used to evaluate
()
u

qr2 ~
by use of equation (2d) as

() Ar2 ‘Ar

0

2

e 2
‘l+CDri-’~+— (2e)

qr~ ~ 3 ‘3

As discussed in reference 1, the quantity Dfi/qr@2
Or cDrl Is a drag coefficient. The value of this basic

frictlo; factor depends on the skin-friction
and on the tube length-diameter ratio. PTom
of Cf’,

coefficient
the definition

The skin-friction coefficient cf for a given tube
depends only on the Reynolds number (references 3 and 4) .
The addition of heat within a tube has little effect on
the local Reynolds number because the quantity PV remains
constant along the tube and, In usual cases, there is
little change in viscosity. Figure 2, which is based on
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the relations presented in reference 5, allows cf
and CDfi to be obtained for any tube L/d ratio for a

—
wide range of Reynolds number or mass-flow rate. As
indicated In figure 2, the Reynolds number may be
evaluated directly from the mass-flow rate, the area, and
the viscoelty. For usual applications the viscosity at
station 2 may be used Instead of the viscosity at
station r2 with negligible error in the resulting
pressure-drop evaluation.

The ratio of equation (1) to equation (2) can be
expressed as

From reference 1, if q2 is small in comparison with qr2~

Therefore,

An ( )2’[cr/~%J.fJ2(*- )](3)
1 + 0.2Mr22 “

~= 1 + cDfi

Evaluation of Equation (5)

The method of evaluation of the terms in equation (3)
for any combination of the known conditions ahead of the
radiator, the mass-flow rate, and the heat-input rate will
now be discussed.
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The Mach number at the tube entrance Mr2~ Which

appears In equation (3), depends only on the lmown mass-
flow rate, the
station 2, and
figure 3, Mr2
combination of

The terms

knowr-temperature and-pressure at
the leak area through the radiator. From
can he obtained directly for any
these basic conditions.

CDfs CDfis and Pr#Pr5 in equation (3)

are interdependent. The friction drag coefficient CDf

for the actual operating ’conditionis greater than CDfis
except when the tube flow is cooled appreciably, as in
the case of charge-air flow through intercoolers. The
ratio CD#Dfi 1s dependent on the values of Mr2

and Pr2/Pr5 ● These values govern the increase in dynamic

pressure along the tube and hence determine the drag
force due to skin friction Df under actual operating
conditions. In reference 1, an approximate empirical
“relationwas assumed, as follows:

cDf 1

()

pr2
~1+——= -

CDfi Pr5

This relation has been found to be Inaccurate excep”t
for values of pr2/pr5 near unity. An exact evaluation

of’ CDf/C~i has been made for unheated tubes with

the aid of reference 6. Equation 12 of reference 6
gives the following relation between CDfl~ Mr2~
and Pr2/Pr5# obtained from a solution of the differential

. .

1
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equation of the unheated flow through a constant=area
tube:

From equation (10] of reference 1 the corresponding
relation for CDf~ based on considerations of continuity

and of momentum and energy changes between the entrance
and exit of the tube, Is

cDf =

r-

Pr2 2

-r). (1

pr2 %2
—-1
Pr

- 0.2Mr22 1- $
3

+7.o~~-l

Pr2 (5)

O.~.r 2 —
2 Pr3

The ratio of equation (5) to equation (4.)has been
evaluated for the complete range of density-ratio values
corresponding to a number of constant values of Mr2
and the results are plotted in figure 4.

The procedure then used in the evaluation of CDf

‘d pr2/Pr5 with the aid of figure 4, for given values

of cDfl and Mr , was as follows:
2

(1) On the assumption that CDf = c~i, equation 5
was used to obtain an approximate value of pr2/Pr3●

F3gure 5(a) of reference 1 is a so~utlon of equation 5.
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(2) With this value of Pr2/Pr3, CDf/CDfi was
,.,

determined from ‘fighrk~ ‘_d a second approximation -“--
for C% was thus obtained.

(3) This more exatatvalue of CDf was used and

the procedure was repeated to obtain a third approximation
for C% ~d Pr2 pr . -

/3

The values determined from the third approximation
were generally found to have the desired accuracy.

Fbr unheated tubes all the quantities involved in
the pressure-drop ratio (equatim (3)) have been shown
to be funct~ons of only the two fundamental variables cDfi

and Mr2. The variable CDfi depends on the tube

dimensions and Reynolds number,and the variable Mr2

depends on the mass flow and state of the air ahead of
the radiator. Both variables can be simply evaluated
for a given installation, as previously explained, for
the particular design conditions under consideration.
Equation 3 has been evaluated for a range of’these
parameters and the results are nlatted in figure 5.
Figure s(a) shows the pressure-drop ratio Dlotted against

for unheated radiator tubes of various CDfi values.

When heat is added to the tubes,the density ratio
pr2/pr5 is increased and the drag coefficient Cm is

correspondingly Increased for a given mass flow. In the
evaluation of C% for the heated condition, the
ratio %f/CDfi from figure 4 was assumed to be the

same, at a given Pr2/Pr5 ~d Mr ,
3

as for the unheated

condition for which figure ~ is exact. This assumption
is believed justified for practical purposes. If heat
were added uniformly at low speed, linear reduction in
density due to heating would occur along the tube. For
a given value of the ratiopr2/Pr59 . cDf/cDfi would be

greater for a heated tube than for an unheated tube
because of the nonlinearity of the density variation for .

l— —..- —- -— .—
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the unheated tube at the higher Mach number at which me
unheated tube would have to operate to give the same
pr2/pr3 value as the heated tube. Results based on the

assumption that the drag-coefficient ratio is the same
for heated or unheated flow will thus tend to underestimate
the requfred pressure drop when heat is added. The
probable error will be seen to be small for usual
operating conditions because the pressure-drop ratio AP/AP1
is not critically dependent on the value of Q for

these conditions. The tube Mach number for these conditions
is generally well below the critical, and the density
variation along unheated tubes then approaches linearity.
The assumption made.in calculating CDf for the heated
condltionwould therefore not be expected to result In
appreciable error when the entrance Mach number is well
below the critical.

The relationship among Cm, Mr2, and Pr2/Pr3
for heated tubes is given In fl~e 5 of reference 1 for
constant values of the heat-input parameter H

CpWITr2”
This figure wan used with figure 4 as described for the
unheated condition to obtain corresponding values of CDf1s

CDf~ and Pr2/Pr3 for constant values of *“

Values of AP!API were then computed from e~uation 3 and
are shown in fi&_ures5(b) to 5(3). Each part of figure 5
corresponds to a constant value of *. As discussed

in reference 1, for the incompressible condition,

H
cp~Tr2 =%

Interpolation will be required to determine Ap{bp.1 for

values of tb.eheat-input parameter intermediate to those
for which the curves ~~ere-derived.
parameter may be evaluated from the
derived ~n the assumption that V2
with vr2:

The heat-input
followfng relation
1s small in comparison

H ‘H
cp~Tr2

( )(
= 0.1293 ~

)
1 + o.2Mr22 (6)
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The results shown in figure 5 indicate that appreciable
“co”fi@e’8slbilltyeffects on the-radiator.pressuredrop
exist even at relatively low entr&nce Mach numbers,
particularly for tubes of large values of .L/d (large
values of CDfl) and for Installations in which

high rates of heating are used. The limiting values
shown on the curves correspond to the attainment of sonic
velocity at the tube exits. No increase in mass flow
through the tubes can be effected by lowering the exit
pressure below the limitin”gvalue corresponding to sonic
exit veloclty. It is interesting to note that this
limiting condition occurs at ldr2= 0.48 for an unheated

radiator tube of CDfi = 1.2 (fig. 5(a)), which corresponds

to a 0.196-inch diameter tube with a typical value of Lid
of about 60 for standard conditions ahead of the radi-
ator (fig. 2).

The curves of figures5(b) to 5(g) include the
effects of both heating and Mach number; that is, the
figures as given show the net effect of compressibility
(density change) on the pressure drop. If separation of
the two effects is desired, the Mach number effect alone
can be determined from figure 5(a) for comparison with
the net effect for

General

Test data for
‘ems ‘f “p2 - P3J

the heated condition.

Application of EqUatiOZI (~)

radiators are frequently given in
P2 - Pr3# or h2 - h3~ rather than

in terms of h2 - pr39 which was used In the present

analysis. The absolute values of the pressure drop vary,
depending on the definition, by 5 to 15 percent in usual
cases. The ratio AP/AP~s however, can readily be shown
to be essentially the same for all the definitions of the
pressure drop. Figure 5 may therefore be used to evaluate
the comgressibllity effects for other radiator pressure-
drop definitions as well as for h2 - pr,.,

for

the

/

Once the ratio AP/APi Is obtained from figure 5

the design values of’ CDfis Mr2, ~d H-
cp6mTr2’

pressure drop for compressible flow may be obtained
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from an evaluation of the pressure drop ?or incompressible
flow ● Fbr this purpose, use of test data for the unheated
radiator obtained with moderate rates of air flow (low
Mach numbers) is generally desirable. This value of the
pressure drop is then corrected to the design mass-flow .
and Reynolds number conditions in the usual manner without
allowance for compressibility effects. With API so
determined, the correct pressure drop is computed from .

dp~ (7)

COMPARISON OF THEORETICAL RESULTS WITH EXPERIMENTAL DATA

A limited amount of test data on the pressure drop
In unheated tubes at Mach numbers u to the critical
is available from references 3 and t s~~lilardata for
heated tubes are not available. The”available data will
be analyzed and put Into such form that direct comparison
can be made with the theoretical results shown by the
curves of figure 5(a).

Exnerlmental data from reference 3.- Reference 3
preseii% pressure-drop data for cylindrical tubes of
circular section with rounded entries. Air was admitted
from a large reservoir at atmospheric pressure. The
pressure at the exit was progressively reduced until the
limiting flow conditlcn was attained. The measured mass-
flow rate was expressed nondimensionally as m/mcr. This
term 1s the ratio of the actual mass flow through the tube
to the mass flow that would exist if sonic velocity were
attained at the tub6 entrance. This parameter may be
expressed in terms of the entrance Mach number as

1.728Mr2

* = @ + C1.20Mr22)3

Pressure data from reference
?

for 20-millimeter-diameter
tubes with L\d = 10 and L d = 60 are given in t,ableI~
Values of Mr2 corresponding to equally-spaced val=of—

for which the pressure data were taken from reference 3,
‘crs
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are listed as column.2
.. rn/kcr-* oMr2. 8hod

15

ef table 1. The maximum values of’
in .$abl.@.X.were the highest that......-.J-------

could be attained in the tests regardless of the outlet
pressure and represent the condition at which sonic
velocity was reached at the tube exits.

In computing the values of APIAP1 from the experi-
mental data, equation 2(a) was used; that is

and, since P2 was a constant in the tests of reference 3,

The experimental values of’columns (1) and (3) were used
to detezmd.nethevalue in column (4) of table I. The value
of K was then chosen to make the experimental value
of AP/APi at the lowest test speed (Mr2 = O•2f+~) agree
with the theoretical value obtained fr~m figure 5(-a)for
this low speed. The resulting experimental values
of AP~APi are shown in column 5. The theoretical values
of 4PjAPX shown in column 7 for comparison with these
experimental results were taken from figure 5(a) for the
values of Mr2 of column 2 and for values of C%4
computed fron-figure 2 for 20-millimeter-diameter-~ubes
with L\d = 10 and ~L\d = 60. Standard atmospheric
entrance conditions and mass-flow values corresponding
tO m/mcr “are. assumed. The results shown in columns 5
and ~ are plotted against Mr2 In figure 6.

The agreement between the pressure-drop ratios for
the theory presented and for experiment will be seen to .
be unusually close. The limiting flow oonditlon, in
which sonic velocity was attained at the tube exits, was
also accurately predicted by the theory.

. .1 — . .. . —..-— —
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Experimental data from referbnce .- The data given
in rel’erence4 were obtalned with ndrical pipe
0.375 inches in diameter and ten feet long. Extremely
high pressure drops were required to Induce high-speed
flow through the tube beoause of its unusually high Lid
ratio of 320. Inlet pressures of several atmospheres
were used. The tests consisted of measurements of
pressure distribution along the pipe for four combinations
of Inlet pressure and outlet pressure. The results of
the tests were analyzed In reference 4 to detemnlne values
of the effective friction coefficient cf. The value
of Cf’ was found to be independent of the Mach number
and to depend on only the Reynolds number, as assumed in
the present report; furthermore, the values of Reynolds
number and cf were virtually the same at all stations
along the tube$ as was assumed in the present analysis.
Values of CI)fi from the best data agreed with

theoretical values from fi@re 2 to within 4 percent.

In evaluating ex~erimental values of the over-all
pressure-drop ratio 4Pf @~ , API was calculated from

equation (2a) as

The basio data required for evaluation of AP1 from
this form of equation (2) are listed in reference 3.
The over-all pressure drop Ap and the Mach number Mr2

were obtained directly from tabulations of the pressures
and the Mach number in reference ~. A comparison of the
test values of Ap/dpi with theoretical values taken
from figure 5(a) is shown in the fallawing tables

[
Experimental ~Theoretical

I.——

1: :“1“ :‘
I

I

62 ‘ c% A#
‘r2 i AP

(lb\sq ft) (lb\sq ft] *I ~
...-.-—

4,46 0.270

z
,422 ;;:; “[:;! ,::g$ :$9 , :;WJ

1 s~79
17,607 , .297 4:12 7:555 I 1:51 , 1949

aSonlc velocity attained at tube exit.
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Good agreement between -theoryand experiment is shown.
The accuracy of the thdoretieal curves of fi~-e 5 has

,.-.’-.--been verified’for”t~ coiidftions.ofexkr’eme~yh@h--~fi~6%
pressures, as well as for the more usual conditions
(atmospheric Inlet pressure) existing for the tests of
reference 3, which are shown In table I and figure 6.

As a matter of further interest, a check on the
validity of the present theory”may be made by computing
the pressure distribution along the tube and comparing
the results with the experimental data. These calculations
were made by use of the present theoretical method, in
which the pressure drops were computed for tubes of the
same diameter (3/8 Inch) as the test model but of lengths
varying from 1 to 10 feet. The computed pressure drop
for a tube 3 feet long, for example, was compared with the
measured pressure drop from the tube entrance to the
3-foot station. The theoretical pressures obtained from
these computations are compared with experimental values
in figure 7. Reasonably good agreement will be noted for
all four test conditions.

A principal assumption of the present theory was
that the velocity profile across the tube section was
uniform at all stations along the tube. The results of
the comparisons In table I and in figures 6 and 7 indicate
this assumption to be fully justified. In the analysis
of reference 7, in which account was taken of the
velocity-profile shape, a similar conclusion was obtained
theoretically.

EXAMPLE OF USE OF CURVES

The use of the curves will be Illustrated by .
calculating the pressure drop for an oil radiator for
typical operating conditions. The dimensions of the
radiator are as follows:

Diameter, inches. . . . . . . . . . . . . . . . . “ 12
Duct diameter, inches . . . . . . . . . . . . . . 12
Tube length, inches 12
Tube diameter (inaidej,’ihk~ : : : : : : : : : : 0.196
Tube diameter (outside), inches . . . . . . . . . 0.210
Number of tubes . . . . . . . lgoo
=ee-flow area, Ar2S square f;el 1 ~ 1 I I 1 1 1 0.397
Duct area, A2 and A, square feet . . . . . . 0.785

3~

--- .—--—— — - -—
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Baalc radiator performance data.- Perfommnce
for tfiadlator are ahown in fl gure 8 in the form

*23

data
that

la moat generally used. The air-pressure-drop data given
In curves of this type are frequently of limited value
becauae the preaaure drop la not adequately defined and
becauae the test conditions under which It was meaaured
are not stated. As prevloualy discussed, the preaaure
drop may be measured by any one of at leaat four methods.
It Is obviously necessary to state which method was used.
Pressure-drop data for the unheated radiator are valuable
because they can be conveniently corrected to actual
operating conditions by analytical means. Data for a
apeclfic heated condltian are inconvenient to use because
they must first be corrected to the unheated condition.
The very wide variation of the heat-input parameter
encountered in actual installations makea It unlikely
that the test values of this parameter will coincide with
the required design value.

Assumed operating conditions.- The .followlngassumed
operating conditions apply to Q typical oil-cooler
installation in an airplane flying in standard sea-level
air at a speed of the order of ~00 miles per hour:

Air temperature at station 2, ‘F . . . . . . . 88
Air pressure at station 2, 92, .

pounds per square faot,absolute . . . . . . 2554
Air density at station 2, P2, .

slugs per cubic foot . . . . . . . . . . . . 0.00272
Average oil temperature, ‘F . . . . . . . . . . 200
Oil flow, pounds per minute . . . . . . . . . . 120
Heat rejection, H, Btu ner second . . . . . . . 75

The heat rejected per minute per hundred degrees
temperature difference between the oil and the inlet-air
stagnation temperature is

~ w =4020‘tu ‘er ‘inute ‘er 1000’
With this value, the weight flow of air requtred is found
In figure 8 to be 462 pounds per minute. The mass flow
Is

m=
462

60 x 32.2

= 0.239 slugs per second

I
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The required mass flow will deviate slightly from this
value If the tube Reynolds number varies from the test
conditions of figure 8. On the basle of the pro-
portionality relationship between the heat-transfer and
skin-friction ooeffioients, the change in skin-friction
coefficient with Reynolds number (fig. 2) may be used to
estimate the corresponding change In heat-transfer
coefficient and hence to detomnlne ~ change In mass
flow required. !l?hlseffeot Is usually slight and, shoe
only the mass-flow detezminatlon is Involved, is considered
to be outside the scope of the present report and wI1l
be neglected.

Calculation of friction dr~ coeffi.ctent, CDfi.-

The tube Reynolds number Is

R=-
ArW

0.239 X
0.196

= 2

~~397 x 3890 x Io-10

= 25,300

l?rom=f~~u~ 2, for this value of Reynolds
LA.,

Cf = 0,0057

%f = 4 X 61.2 ~ 0.0057

i = 1.40

Calculation of Mach number.- The use
of ftgure 5 requires the Nach ‘tier ‘%2

number and for

of the ourves
at +~e tube

entrance. Figure 3 gives %2 directly in terms of the

known flow conditions ahead of the radiator; thus,
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~.239 x (460 + 89)0”5
0.397

0.0554

With this value, the Mach number
to be

X 2540

is found from figure 3

Mr2 = 0.198

Calculation of heat-input parameter.- The rate of
heat ~nmt is specified on he curves of’figure 5 by the
nondimensional

evaluated from

parameter E\cp~Tr2~
equation (6) as

H
cp~Tr2 = 0-12” 6.2,:; 5M)

This iuant~ty-is

[ 1
I + 0.2(0.198)2

0.074

Compressibility effect.- The pressure-drop ratio
Ap/APl IS taken from figure 5 for CDfi = 1.40,

Mr2 = 0.158, and n
cP@Tr2

= 0.074. Interpolation between

the curves of figure 5(b) and figure 5(c) is necessary
because the heat-input parameter is intermediate between
the values for these two parts of figure 5. The pressure-
ratio value obtained is

AP
—= 1.17AP1

For this case, the effect of compressibility is to
increase the measure drop 17 percent above the value
for incompressible flow. In order to compute the actual
pressure drop AP, API must first be obtained.

.

Calculation of Api.- The basic incompressible-flow

value of the pressure drop can be obtained from low-speed
test data or from calculations based on the radiator-tube
friction coefficients shown in figure 2. The method
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involvhg the theoretical calculations requires the use
of equation (2d) because the test pressure-drop data for
the present example i.s,in.tenmsof -p2 .-P3. mm

equation (2d), therefore, since A2 = ~3 and ~ = .0.506,

[
= 1 + 1.40 - (0.506)2- 2 0.506 - (o.5oG)q

= 1.64

This computed value of 4Pi/qr2 will now be compared with

the value obtained from the test data of figure 8.

For & pressure drop of 5 inches of water, the flow
may safely be considered incompressible. At this teat
condition the weight flow 1s 197 pounds per minute.
Therefore,

‘=*
= 0.102 slugs per second

and, for incompressible flow,

()0.102 2= 2(0.0;2376) o.397

= 13.9

whence, for m = 0.102,

()&’ .UfJ@4
%Z 13.9

1

= 1.87

— .—.
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This value is greater
value for m = O ● 239

~ NACA ACR NO. 4123

than the previously calculated
because of the lower tube Remolds

number at Ap =
Reynolds number

5 Inches of water (m = 0.102). ~he
for this low mass flow is

md
R=—

Ar2~

0.102 x &
—

0“397 x 3950 x 10-10

= 10,600

The value of the tube friction-drag coefficient for this
mass flow is, from figure 2,

()CDfl = 0.102 =@%ww
)m

= 1.66

The value of CDfi for the design condition has

been previously computed as 1.4.0. The correction to be
applied to the low-speed test value of the pressure drop
(see equation (2)) Is qr2(1.66 - l.~0); therefore,

()AP~L = 1.87 - (1.66 - 1.40)

= 1.61

This result, based on the test data,
satisfactorilywith the value 1.6~
from equation (2b) and equation (7).

compsres very
previously computed

The value of APi for the design condition is

APi = 1.64 @r2)i

-.. . . .
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()
2

APi =1.64 YC*=

......=. -,’-~i’. ---”-‘- --------

()
__l____m2= 1.64 x z x 0.00272 0.397

= 110 pounds per square foot

Calculation of Ap.- The value of the pressure drop
corrected for compressibility is, finally,

Ap
AP=— API x API

= 1.17 x 110

= 129 pounds per square foot

Altitude eff’ect.-The calculations made in the
illus~v=a~p= for standard sea-level conditions
have been repeated for standard condit?.onsat an altitude
of’30,000 feet. The sa~,eheat rejection, rate of oil
flow, oil temperature, and airplane speed were assumed
for both cases. The results obtained in the two cases
are compared in the following table:

.—

Quantity

Air temperature, tz, OF
Air pressure, P2# lb\sq ft
Air density, P2 , slugs/cu ft
Heat rejection, Btu/min/lOOOF
Mass flow, slugs/seo
Reynolds number
Friction coefficient, CDfi

Mach number, Mr2
Heat-input factor, H/cPmTr2
Pressure drop with compressibility

neglected, AP1, lb/sq ft
Pressure drop corrected for com-

pressibility, AP, lb/sq ft
Compressibility correction,

percent Api

,.-.—— —— —. .— .—. —..

Sea
level

88
2540
0.00270
4020
0.239
25, 00

z1. 0

0.198
0.074

110

129

17

3:::)0

-19
795

0.00105
2055
0.070
8720
1.72

0.165
0.314

29

41

— —.—-
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The compressibl.lityeffect is shown to increase
from 17 percent at sea level to 1+1percent at 30,000 feet
for the typical oil-radiator installation assumed in we .
example. It is of’interest to note that the oil-cooler
tube Mach number 1s somewhat less at altitude than at
sea level. A very large Increase in the heat-input
parameter occurs, however, because of the decrease In
mass flow required and the heating effect therefore “
becomes very large.

Other types of cooler installation frequently require
an increasing value of Mr2 with altitude. In the case
of ethylene-glycol radiators, for example,the Mach number
effect generally beoomes very large at altitude and, in
many cases, makes it impossible to obtain adequate
cooling-air flow.

Summary of method.- The steps required in the use
of the curves of igure 5 to obtain the corrected value
of the pressure drop are summarized as follows:

(1) Determine the pressure, temperature, and density
of the air ahead of the radiator and the heat to be
dissipated.

(2) Obtain the required mass flow of cooling air
from the usual heat-dissipation data for the radiator.

(3) Compute the Re~olds number of the tube flow
and obtain the friction drag factor Qfi from figure 2.

(4) Obtain the Mach number of the tube flow Mr2

from figure 3.

(5) Evaluate the heat-input factor H/cP~Tr2 by
equation (6).

(6) F&om figure 5 with these values of Cmis Mr2~
and H/cP@Tr2~ obtain the pressure-drop ratio AP/APi.

(7) Compute Ap~ from equations (2) or obtain it
from low-speed test data corrected to the design
Reynolds number.

(8) Evaluate Ap by multlplyhg Apl by the .
pressure-drop ratio APIAPi.
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CONCLUSIONS

. . . . ... ------- . . . .. . . . . --’ -.. . ---

Simple ourves are presented by which the basic
pressure-drop characteristics of’unheated tubular
radiators can be corrected to operating conditions in.

“.

which the radiator is heated and In which the Maoh number
of’the tube flow Is of appreciable magnitude. The
followlng conclusions are indicated:

1: The accuracy of the simple “methodpresented for
evaluating the compressibility effects is verified for
upheated tubes for the complete range of attainable flow
(tube exit Mach numbers from O to 1.0) by experimental
data from two sources.

2. The effects of compressibility (density change)
on the pressure drop required to provide a given mass f’low
of cooling air through a tubular radiator are shown to
be of appreciable magnitude uriderpresent-day operating
conditions. Calculat:or.sfor a t~pica?-oil-ccoler
Installation Indicated that the compressibility effect
increased the pressure Grop by 17 percent at sea level
and by 41 percent at W. altitude of ~5,CO0 t’eet.

Langley hlemorialAeronautical Laboratory
National Advis~ry Committee for Aeronautics

Langley Field, Va.
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TABLE I .

ANALYsIs OF DATA ml 20-MILLIbf13TER-DIAldmER.. ... ,, -,.!.-- -. ,.. .- .

TUBES FROM REFERENCE 3

Experimental Theoretical

g
m CDfi‘r2 ~

(m/mcr)2 %

&
~

L\d = 10

o.~o ~-ao
.45

0.0 0
i!

0.312 1.0
8

0.1 1
i

“1.05

:;;; I :~8~
.320 1.0 .1 6 1.07

g .320 1.08 .161 1.09

.60
.3+; .100 .331 1.11 .158 1.11

.65 ?
.120 ●3 4

?4
1.12 .154 1.14

: 18
.458

.145 .3 1.16 .11’
z

1.17
.70 .175 .357 1.20 .1 8 1.22
:;
i

.502 .210 9373 1.26 .146 1.27

.85
9553 .255
.610

● 99”
?

k

1. 4 ● 143 1. 4
● 15

.678 z
36 1. .141

i
1.‘5

.90 , . 00
I?
:3 .13

ak6 8
1- 5

a993 .728 .550 .0 ● 13 2.01

L/d = 60

0.40 0:*

?

0.085 [ O:; ;
.45

1.10 1.026 .-.1.10
.110 1.13 .996 .1.13

.50 .307 ● 40 .5 0 1.17 .966

.5
1.17

?
.34# .175 .578 1.20 .g48 1.22

:6; 2
● 220 .612 1.27

%
:90 ~. 61 28

: 18 .650 1. 5
:g .458 :27:

p k
z.69 1. 5 8 z88 1: 7

.502 .81 1.70 :876 1.73
a.77 .522 : 3: 1.062 az ● 22 .870 a2.20

aSonic velocity attained at tube exit.
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